Background: Mitochondrial DNA (mtDNA) mutations accumulate with age, but how this impacts cardiac progenitor cell (CPC) function is unknown. Results: mtDNA mutations disrupt mitochondrial function and reduce differentiation potential of CPCs. Conclusion: Preserving mtDNA integrity is critical for CPC homeostasis and regenerative potential. Significance: Increased understanding of pathways regulating progenitor cell function is critical for development of effective cell therapies.
Transfer of cardiac progenitor cells (CPCs) improves cardiac function in heart failure patients. However, CPC function is reduced with age, limiting their regenerative potential. Aging is associated with numerous changes in cells including accumulation of mitochondrial DNA (mtDNA) mutations, but it is unknown how this impacts CPC function. Here, we demonstrate that acquisition of mtDNA mutations disrupts mitochondrial function, enhances mitophagy, and reduces the replicative and regenerative capacities of the CPCs. We show that activation of differentiation in CPCs is associated with expansion of the mitochondrial network and increased mitochondrial oxidative phosphorylation. Interestingly, mutant CPCs are deficient in mitochondrial respiration and rely on glycolysis for energy. In response to differentiation, these cells fail to activate mitochondrial respiration. This inability to meet the increased energy demand leads to activation of cell death. These findings demonstrate the consequences of accumulating mtDNA mutations and the importance of mtDNA integrity in CPC homeostasis and regenerative potential.
The heart contains a pool of c-kit-positive cardiac progenitor cells (CPCs) 3 that has the potential to repair the myocardium after injury by secreting paracrine factors as well as producing new cardiac myocytes and vascular structures (1) . However, the functional role of endogenous CPCs in the myocardium and how they contribute to repair are still unclear and controversial. Beltrami et al. (2) initially reported that injection of CPCs into the infarct region leads to generation of new vessels and cardiac myocytes by the CPCs. More recently, it was reported that endogenous CPCs are necessary for both cardiac homeostasis and regeneration after injury (3) . This study found that cardiac damage induced by isoproterenol treatment leads to CPC activation and commitment to the myocardial cell lineages, including cardiac myocytes. In contrast, a recent study found that differentiation of endogenous CPCs into cardiac myocytes occurs at a very low rate even after injury (4) , whereas another study reported that new cardiac myocytes are generated only from pre-existing myocytes and that endogenous CPCs do not play a critical role in myocardial homeostasis and repair (5) . Although the functional role of endogenous CPCs is controversial, it is clear that infusion of CPCs into the injured myocardium leads to repair and improved function. For instance, in animal models of myocardial infarction or doxorubicin-induced cardiomyopathy, injection of CPCs reduces injury and improves left ventricular function (6 -8) . More importantly, utilization of autologous CPCs in patients with ischemic cardiomyopathy in the SCIPIO clinical trial is showing promising results (9, 10) . Studies have found that CPC function is reduced with age, which reduces their regenerative capacity (11) (12) (13) . Because stem cell therapies for cardiovascular disease primarily target geriatric patients, the autologous CPCs might have reduced regenerative capacity once they are transplanted back into the patient's heart. The exact mechanisms underlying the age-related changes in CPC function are still unclear. Therefore, a deeper understanding of the biological processes that regulate CPC function and survival is needed so that more effective therapeutic strategies to repair the heart can be developed.
Mitochondria regulate several key processes including metabolism, heme synthesis, and cell death. Mitochondria are also responsible for producing energy via oxidative phosphorylation (OXPHOS) for cellular development, differentiation, and growth (14 -16) . Mitochondria contain their own DNA that is replicated independently of the nuclear DNA. The mitochondrial DNA (mtDNA) only encodes 37 genes, and 13 of them are subunits of the respiratory complexes or the ATP synthase involved in OXPHOS. Unfortunately, mtDNA is more susceptible to genetic mutations than nuclear DNA because it is constantly exposed to reactive oxygen species generated by the respiratory chain in the mitochondrial inner membrane. Studies have reported that mtDNA mutations and deletions accumulate with age in various tissues in humans and rodents, which can lead to impaired mitochondrial function (17) (18) (19) (20) (21) . Mutations in mtDNA in the heart have also been demonstrated after treatment with cardiotoxic therapies such as doxorubicin (22) or nucleoside reverse transcriptase inhibitors (23) and after myocardial infarction (24) . The contribution of mtDNA mutations to aging has been confirmed by studies in mice expressing a proofreading-deficient mitochondrial DNA polymerase ␥ (POLG). These mice accumulate mtDNA mutations in cells at a faster rate than wild-type mice, which leads to an accelerated aging phenotype and reduced lifespan (25, 26) . Moreover, accumulation of mtDNA mutations in the heart is associated with increased oxidative damage and apoptosis, which results in the development of cardiomyopathy at 13-14 months of age (27) .
Recent studies have also implicated mitochondria as critical regulators of stem cell function. Embryonic, neuronal, and mesenchymal stem cells have been reported to contain few immature mitochondria that are clustered in the perinuclear region and to rely on glycolysis for energy production (28 -30) . However, differentiation of stem cells requires metabolic reprogramming to meet the increased energy demand that occurs concomitantly with a shift from cytosolic anaerobic glycolysis to mitochondrial respiration (29, 31, 32) . To date, no attention has been given to the role of mitochondria in CPCs and how accumulation of mtDNA mutations impacts these cells. In this study, we demonstrate that functional mitochondria are critical for CPC function and survival. Accumulation of mtDNA mutations in CPCs leads to disruption of mitochondrial function, reduced proliferation, and increased susceptibility to stress. The mutant CPCs are also unable to transition from glycolysis to oxidative phosphorylation in response to differentiation, which instead leads to activation of cell death. Thus, our studies highlight the critical role of mitochondria for CPC function and the consequences of accumulating mtDNA mutations.
Experimental Procedures
CPC Isolation and Culture-All experimental procedures were performed in accordance with institutional guidelines and approved by the Institutional Animal Care and Use Committee of the University of California San Diego. For experiments in Fig. 1 , c-kit-positive CPCs were isolated from 2-month-old male wild-type FVB mice. For all other experiments CPCs were isolated from male mice homozygous for the PolgD257A mutation on a C57Bl/6 background (25) , and corresponding control CPCs were isolated from wild-type, sex-matched litter mates. All c-kit-positive adult CPCs were isolated and cultured as previously described (33) . To activate differentiation, CPCs were incubated in ␣-minimal essential medium containing 10 nM dexamethasone for up to 7 days.
Primary Myoblast Isolation and Culture-Primary myoblasts were isolated from hind limb skeletal muscle of 3-4-month-old WT and POLG mice litter mates using a protocol adapted from rat skeletal muscle (34) . Muscles were digested in 0.20% type IA collagenase and 0.25% trypsin in DMEM (Gibco), and cells then cultured in growth medium (20% FBS and 1% penicillin-streptomycin in DMEM) on a bed of Matrigel™ (on coverslip, 1 mg/ml, Basement Membrane Matrix; BD Biosciences). Myoblast differentiation was induced 5 days later with 2% horse serum and 1% penicillin-streptomycin in DMEM for 2-4 days.
Echocardiography-Echocardiography was performed as previously described (35) using a Vevo770 In Vivo Micro-Imaging System with an RMV707B 15-45 MHz imaging transducer (VisualSonics Inc.), and parameters were quantified using the VisualSonics software.
Quantitative Polymerase Chain Reaction-Genomic DNA was extracted using GenElute Mammalian Genomic DNA Miniprep Kit (Sigma) and PCR-amplified with TaqMan Universal Master Mix II. 18S rRNA was used as a control for nuclear DNA, and d-loop was used for mtDNA quantitation using primer sequences previously described (36) . For gene expression assays, RNA was extracted using the RNeasy Mini kit (Qiagen). cDNA was synthesized using the QuantiTect Reverse Transcription kit (Qiagen) following the manufacturer's protocols. Taqman primers for PGC-1␣, PGC-1␤, and GATA-4 were from Integrated DNA Technologies. TaqMan primers for 18S, GATA-6, PECAM1, COX1 (Complex IV subunit 1), Cox4i1 (Complex IV subunit 4), and the TaqMan Universal Master Mix II were from Applied Biosystems. qPCR was carried out on a CFX96 real-time PCR detection system (Bio-Rad). Relative amounts of mRNA were normalized to 18S, and -fold change in gene expression was calculated using the 2(Ϫ⌬⌬Ct) method.
Western Blot-Samples were prepared in lysis buffer containing 50 mM Tris-HCl, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 1% Triton X-100, and protease inhibitor mixture (Roche Applied Science) and run on Invitrogen NuPAGE Bis-Tris gels. The membranes were probed with the following antibodies: MitoProfile Total OXPHOS Rodent WB antibody mixture (MitoSciences), PGC-1 (Abcam), COXIV subunit 4 (Invitrogen), adenosine monophosphate-activated protein kinase (AMPK), p-AMPK, hexokinase I, hexokinase II, PKM1/2, GAPDH, LC3A/B (Cell Signaling Technology), DLP1 (BD Biosciences), MFN1, MyoD (Santa Cruz Biotechnology), MFN2, Tubulin (Sigma), and actin (GeneTex). Membranes were imaged using a ChemiDoc XRSϩ System (Bio-Rad).
Mitochondrial Respiration Measurements-Intact mitochondria were isolated from adult mouse hearts, and oxygen consumption measurements were taken at 30°C using an Oxygraph apparatus (Hansatech Instruments). Complex I-and Complex II-dependent oxygen consumption were measured as previously described (35) . Complex IV-dependent respiration was measured by the addition of 1 M antimycin A and 0.4 mM TMPD plus 1 mM ascorbate. Oligomycin (5 g/ml) was added to inhibit ATP synthase followed by carbonyl cyanide p-trifluoromethoxyphenylhydrazone (1 M) to obtain maximal respiration rate. Mitochondrial oxygen consumption of monolayers of CPCs was measured using the Seahorse XF96 analyzer (Seahorse Bioscience), adapted from a previously described protocol (36) . CPCs were plated at 2 ϫ 10 4 or 1 ϫ 10 4 cells per well 24 h before measurement of O 2 consumption rates. Assays were run in unbuffered, serum-free DMEM containing 10 mM glucose, 3 mM glutamine, and 1 mM pyruvate. CPCs were allowed to equilibrate on the plate before the addition of 2 M oligomycin to measure ATP-linked respiration. Three successive additions of 500 nM carbonyl cyanide p-trifluoromethoxyphenylhydrazone were added to measure maximal respiration. Data were analyzed using Wave for Desktop software (Seahorse Bioscience).
Immunofluorescence Microscopy-Cells were fixed, permeabilized, and blocked as previously described (35) . CPCs were stained with antibodies against Tom20 (Santa Cruz Biotechnology), COXIV (Invitrogen), GATA-4 (Santa Cruz Biotechnology), or LAMP2 (Sigma). Myoblasts were stained with antibodies against MyoD and NCAM (Santa Cruz Biotechnology). Cells were incubated in Alexa Fluor 488 or 594 secondary antibodies (Life Technologies) followed by Hoechst 33342 (10 g/ml, Life Technologies) to stain nuclei. Cells were imaged using a Carl Zeiss Axio Observer Z1, and Z-stacks were acquired using a high resolution AxioCam MRm digital camera, a 63ϫ oil immersion objective, and Zeiss AxioVision 4.8 software (Carl Zeiss). A minimum of 100 cells per group were counted for each condition.
Brightfield Microscopy-Myoblasts were imaged at pre-and post-differentiation using a Carl Zeiss Axio Observer Z1 at 10ϫ magnification. Myotube diameter was quantified using ImageJ software.
Transmission Electron Microscopy-Adult mouse hearts and CPCs were fixed, sectioned, and mounted as previously described (35) . Sections were examined on a TECNAI G2 Spirit BioTWIN Transmission Electron Microscope equipped with an Eagle 4k HS digital camera (FEI).
Proliferation Assay-CPCs were seeded in a 12-well tissue culture plate, and cell number was determined by counting using a hemocytometer 24 and 72 h later. CPCs were also seeded in a 96-well black wall clear bottom plate (Corning), and cell number was measured with the CyQUANT NF Cell Proliferation Assay kit (Life Technologies). Fluorescence measurements were made using a SpectraMax M3 microplate reader and SoftMax Pro 5.4 software (Molecular Devices).
Cell Death Assay-CPCs were treated with H 2 O 2 (Sigma), doxorubicin hydrochloride (Sigma), sunitinib malate (BioVision), or 2-deoxyglucose (Sigma). Cells were stained with Hoechst 33342 (10 g/ml, Life Technologies) and YO-PRO-1 iodide (100 nM, Life Technologies) for 15 min and immediately imaged using a Carl Zeiss Axio Observer Z1 at 10ϫ magnifica-tion, AxioCam MRm digital camera, and Zeiss AxioVision 4.8 software (Carl Zeiss).
Glycolysis Assay-CPCs were seeded in a 12-well tissue culture plate and incubated in growth medium for 4 days. L-Lactate concentration in the growth medium was measured using a Glycolysis Cell-based Assay kit (Cayman Chemical) according to the manufacturer's protocol. Colorimetric measurements were made using a SpectraMax M3 microplate reader and Soft-Max Pro 5.4 software (Molecular Devices).
ATP Assay-ATP levels were measured using the CellTiter-Glo Luminescent Cell Viability Assay (Promega, Madison, WI) according to the manufacturer's protocol. CPCs (40,000 cells/ 100 l) were added to a 96-well black wall clear bottom plate (Corning). Luminescent measurements were made using a SpectraMax M3 microplate reader and SoftMax Pro 5.4 software (Molecular Devices).
Assessment of Mitochondrial Membrane Potential-CPCs were incubated with tetramethylrhodamine methyl ester (25 nM, Invitrogen) and Hoechst 33342 (10 g/ml, Life Technologies) for 15 min at 37°C. Live cells were examined using a Carl Zeiss Axio Observer Z1 at 40ϫ magnification. Fluorescence intensity was quantified using ImageJ software.
Assessment of Autophagy and Mitophagy-To assess baseline autophagic flux, CPCs were treated with DMSO or 50 nM bafilomycin A1 (EMD Millipore) for 2 h before homogenization and Western blot analysis. To visualize lysosomes, CPCs were fixed and stained with anti-LAMP2 (Sigma). To assess mitochondrial autophagy, CPCs were infected with an adenovirus encoding GFP-LC3 as previously described (37) . Cells were treated with DMSO or 50 nM bafilomycin A1 for 3 h, fixed, and stained with anti-Tom20. Cells were imaged at 63ϫ magnification, and Z-stacks were acquired using a Carl Zeiss Axio Observer Z1. LAMP2 staining was quantified using ImageJ software. Mitophagy was assessed by analyzing colocalization between GFP-LC3-positive autophagosomes and Tom20-labeled mitochondria.
Statistical Analyses-All values are expressed as the means Ϯ S.E. Student's t test was used to compare two sets of data. p values Ͻ 0.05 were considered statistically significant.
Results

Activation of the Differentiation Program in CPCs Leads to
Induction of Mitochondrial Biogenesis-Differentiation is a process that requires energy, which is primarily supplied by mitochondria via oxidative phosphorylation (16) . When examining mitochondria in wild-type CPCs from FVBN mice, we found that undifferentiated CPCs contained few mitochondria that were localized primarily in the perinuclear region ( Fig. 1A ). Incubation of CPCs in differentiation medium (DM) for 7 days led to increased cell size and expansion of the mitochondrial network ( Fig. 1A ). Next, we confirmed that incubation in DM led to up-regulation of cardiac lineage markers in CPCs, consistent with previous studies (2, 33, 38, 39) . We observed an increase in cells positive for GATA-4, a transcription factor that regulates myocardial differentiation, growth, and survival, after incubation in DM. We found that few cells expressed GATA-4 at Day 0, but there was a significant increase in CPCs stained positively for GATA-4 after 7 days in DM, which correlated with an expansion of their mitochondria (Fig. 1, A and B) . Real time qPCR confirmed a significant increase in GATA-4 at day 7 (Fig. 1C ). There were also significant increases in mRNA encoding the smooth muscle marker GATA-6 and the endothelial marker PECAM1 (Fig. 1C) . These results indicate that lineage commitment in CPCs is accompanied by expansion of mitochondria.
Next, we assessed whether the increased energy demand associated with activation of differentiation led to activation of mitochondrial biogenesis. First we confirmed that adenosine monophosphate activated protein kinase (AMPK), a major regulator of mitochondrial biogenesis in response to energy depletion, was activated during differentiation ( Fig. 1D ). We also found that PGC-1␣, a member of the PPAR␥ co-activator (PGC) family of transcriptional co-activators, was significantly induced in CPCs after incubation in DM (Fig. 1E ). The activation of adenosine monophosphate-activated protein kinase and induction of PGC-1␣ correlated with an increase in mtDNA content ( Fig. 1F ) and increased levels of mitochondrial OXPHOS proteins ( Fig. 1G ) in the CPCs in DM. These studies suggest that initiation of differentiation in CPCs leads to activation of mitochondrial biogenesis and enhanced mitochondrial oxidative phosphorylation to adapt to increased energy demand.
mtDNA Mutations Impair CPC Proliferation and Increase Susceptibility to Cell Death-To further explore the role of mitochondria in CPC function and survival, we isolated CPCs from 2-month-old mice with a proofreading-defective POLG and their wild-type (WT) litter mates. The POLG mice undergo premature aging and develop cardiomyopathy with a reduced lifespan due to accumulation of mtDNA mutations (25) . However, at 2 months of age, we observed no significant differences in body, heart, or lung weights and cardiac function in POLG mice when compared with age-matched WT litter mates (Fig.  2 , A-C). We also found no differences in cardiac mitochondrial content or function at this age between WT and POLG mice (Fig. 2, D-F) . Analysis of mitochondrial ultrastructure by transmission electron microscopy confirmed similar mitochondrial content and morphology in WT and POLG hearts at this age (Fig. 2G) .
We then investigated whether CPCs from these hearts were affected by the mutated POLG. Proliferation is important for self-renewal and maintenance of the CPC population in the heart, and we found that the POLG CPCs had significantly reduced proliferation rates compared with WT CPCs (Fig. 3A) . In addition, the POLG CPCs were more sensitive to cell death after treatment with H 2 O 2 (Fig. 3B) . Treatment with doxorubicin, an anthracycline topoisomerase inhibitor, or sunitinib, a tyrosine kinase inhibitor, also resulted in increased cell death in POLG CPCs (Fig. 3C) . Thus, these data suggest that accumulation of mtDNA mutations in the POLG CPCs reduces their proliferative capacity and increases their susceptibility to stress. mtDNA Mutations Contribute to Abnormal Mitochondrial Morphology and Reduced Differentiation Potential-Alterations in mitochondrial morphology allow cells to adapt to changes in the cellular environment, including differentiation (40) . When examining the effect of accumulating mtDNA mutations on mitochondrial morphology, we discovered that the mutant POLG CPCs contained fragmented mitochondria under baseline conditions (Fig. 4, A and B) . Moreover, although WT CPCs increased in cell size and expanded their mitochondrial network after incubation in DM, POLG CPCs maintained their fragmented mitochondria, which clustered in the perinuclear region and failed to expand in response to the differentiation stimulus (Fig. 4A) . The abnormal mitochondrial morphology was also associated with reduced activation of the differentiation program in the POLG CPCs. We observed significantly fewer GATA-4-positive POLG CPCs compared with WT after incubation in DM (Fig. 4C) . The POLG CPCs also had significantly reduced levels of GATA-4 transcripts compared with WT CPCs after incubation in DM (Fig. 4D) . Thus, these data demonstrate that accumulation of mtDNA mutations leads to abnormal mitochondrial morphology and impaired activation of the differentiation program in CPCs.
The fragmented mitochondrial morphology in POLG CPCs prompted us to investigate whether proteins involved in mitochondrial dynamics were altered in the POLG CPCs. Surprisingly, we saw a reduction in the mitochondrial fission protein DRP1 in POLG CPCs after 7 days in DM (Fig. 4E ). Interestingly, mitochondrial fusion proteins MFN1 and MFN2 were increased in WT CPCs during differentiation but not in POLG CPCs (Fig. 4E) . Thus, there is a shift in the balance between fission and fusion proteins toward fusion in WT CPCs, but not in POLG CPCs, upon activation of differentiation. Furthermore, we analyzed mitochondrial ultrastructure in CPCs by transmission electron microscopy and saw drastic differences between WT and POLG CPCs. Mitochondria in undifferentiated WT CPCs had underdeveloped cristae that became more FIGURE 3 . Mutant CPCs exhibit reduced proliferation and increased sensitivity to stress. A, WT and POLG CPCs were incubated in growth medium for up to 3 days, and proliferation was determined by assessing changes in cell number (n ϭ 4) or by CyQUANT fluorescence (n ϭ 9). WT and POLG CPCs were treated with H 2 O 2 (B) and doxorubicin or sunitinib (C) for 24 h. Cell death was assessed using YO-PRO-1 staining (n ϭ 3). *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001. electron-dense upon activation of the differentiation program ( Fig. 4F) . In contrast, mitochondria in POLG CPCs were swollen with abnormal cristae structure under baseline conditions and failed to increase cristae density after differentiation. Taken together, these data suggest that accumulation of mtDNA mutations leads to impaired mitochondrial dynamics and differentiation program in the CPCs.
Next, we investigated whether other progenitor cells were similarly affected by accumulation of mtDNA mutations. Satellite cells that reside on the basal lamina of the myofiber are important for skeletal muscle maintenance and facilitate repair by giving rise to myoblasts that fuse to form myofibers. Studies have reported that although the number of satellite cells declines with age, these cells still retain their myogenic potential (41, 42) . We found that myoblasts isolated from WT and POLG litter mates formed myotubes in culture upon differentiation. However, myotube diameter in the POLG mice was significantly smaller than WT (Fig. 5A ). Both WT and POLG myoblasts expressed the muscle phenotypic marker MyoD preand post-differentiation and the adhesion marker NCAM after differentiation (Fig. 5, B and C) . These data suggest that myoblasts from POLG mice are less affected by the presence of a mutant POLG. These myoblasts have sufficient capacity to adapt to metabolic changes during differentiation in order to successfully fuse and form myotubes. However, the smaller myofiber size suggests that defective POLG may affect growth signaling in differentiating myoblasts.
POLG CPCs Have Impaired Mitochondrial Biogenesis and Energetics-The abnormal mitochondrial morphology and distribution in POLG CPCs are indicators of defective mitochondrial function. Because the primary function of mitochondria is to supply the cell with energy via oxidative phosphorylation, we compared OXPHOS protein levels between WT and POLG CPCs. As previously observed in Fig. 1 , incubation of WT CPCs in DM resulted in increased expression of OXPHOS proteins. In contrast, POLG CPCs had reduced levels of select OXPHOS proteins, most notably in Complex III and IV subunits (Fig. 6A ). In fact, we observed no increase in nuclear -and mitochondria-encoded subunits of Complex IV in the POLG CPCs after incubation in DM for 7 days (Fig. 6B) . The baseline protein levels were already significantly lower in POLG CPCs compared with WT at day 0. Interestingly, we found that Complex IV Subunit 1 (Cox1) and Subunit 4 (Cox4i1) transcripts were similar in WT and POLG CPCs at day 0 ( Fig. 6C ), suggesting that the differences in protein levels between WT and POLG CPCs may be attributed to reduced protein stability in the POLG CPCs. We also found that, in contrast to WT CPCs, the POLG CPCs failed to induce mitochondrial biogenesis factors PGC-1␣ or PGC-1␤ to the same extent as WT CPCs during differentiation (Fig.  6D ). This suggests that accumulation of mtDNA mutations also impairs the mitochondrial biogenesis response.
Our data indicated that POLG CPCs have abnormal mitochondrial structure and contain reduced levels of critical proteins involved in OXPHOS. Therefore, we assessed the level of mitochondrial respiration in WT and POLG CPCs by measuring oxygen consumption using the Seahorse XF Analyzer. In WT CPCs, increased oxygen consumption rate corresponded with increased cell number in response to the mitochondrial uncoupler carbonyl cyanide p-trifluoromethoxyphenylhydrazone. Surprisingly, POLG CPCs had no detectable oxygen consumption regardless of cell number (Fig. 7A) , indicating that these cells have shut down mitochondrial respiration. The OXPHOS complexes are also responsible for generating the mitochondrial membrane potential, which is used by the F 0 F 1 -ATPase for ATP synthesis (43) . We confirmed that the POLG CPCs had significantly reduced mitochondrial membrane potential as assessed by reduced tetramethylrhodamine methyl ester (TMRM) staining (Fig. 7B ). Tetramethylrhod-amine methyl ester uptake by mitochondria is dependent on the membrane potential. However, cellular ATP levels were similar in WT and POLG CPCs (Fig. 7C ), suggesting that POLG CPCs utilize alternative mechanisms to generate energy. Therefore, we examined whether the POLG CPCs relied on glycolysis to support their energy demands by assessing extracellular lactate, a glycolytic byproduct. We found that the POLG CPCs had significantly increased extracellular L-lactate compared with WT CPCs (Fig. 7D) , and the addition of 2-deoxyglucose to the growth medium to inhibit glycolysis resulted in rapid death of the POLG CPCs (Fig.  7E ). This suggests that POLG CPCs depend solely on glycolysis to meet their energy demands.
Studies have found that differentiation is associated with a metabolic transition from glycolysis to oxidative phosphorylation (29, 32) . Because our data indicate that the POLG CPCs do not utilize oxidative phosphorylation for ATP production and differentiation is associated with an increase in energy demand, we examined the effect of differentiation on cell survival in these cells. We observed that a significant number of POLG CPCs underwent cell death in DM (Fig. 8A) . To gain further insight into the metabolic switch that occurs during differentiation, we analyzed levels of glycolytic enzymes in WT and POLG CPCs. We found that mitochondria-associated hexokinase I increased in WT during differentiation but remained low in POLG CPCs. Hexokinase II, PKM1/2, and GAPDH decreased with time upon incubation in DM in both WT and POLG CPCs (Fig. 8, B and C) . Taken together, these results suggest that both WT and POLG CPCs down-regulate cytosolic glycolysis during differentiation. However, because POLG CPCs are unable to concurrently activate oxidative phosphorylation, the resulting energy deficiency combined with increased energy demand leads to activation of cell death.
POLG CPCs Have Increased Mitophagy-Loss of mitochondrial membrane potential is a known trigger for mitochondrial autophagy or mitophagy. Mitophagy is a process by which defective mitochondria are sequestered in autophagosomes and subsequently degraded in lysosomes (44) . Because mitochondria in the POLG CPCs are impaired, we examined whether these cells had increased levels of mitophagy. First, we assessed whether autophagic flux was altered in POLG CPCs. To assess flux, cells were treated with vehicle or bafilomycin A1 to inhibit the fusion between autophagosomes and lysosomes. We found that both WT and POLG CPCs accumulated similar levels of the autophagy marker LC3II in the presence of bafilomycin A1 (Fig. 9, A and B) . This suggests that autophagic flux is not different and that a similar number of autophagosomes are formed at steady state in both WT and POLG CPCs. We also assessed whether there were differences in lysosomal activity by LAMP2 staining, but we found no significant difference in lysosomal content between WT and POLG CPCs (Fig. 9, C and D) . These data suggest that baseline autophagic flux is not altered in POLG CPCs.
Next, we assessed the level of mitophagy in WT and POLG CPCs by monitoring Tom20-labeled mitochondria sequestered in GFP-LC3-positive autophagosomes. Cells were treated with bafilomycin A1 to prevent degradation of autophagosomes containing mitochondria, as observed by increased formation of GFP-LC3 puncta in both WT and POLG CPCs (Fig. 9E ). In addition, we found that POLG CPCs exhibited a significantly higher number of GFP-LC3-positive autophagosomes that colocalized with Tom20-labeled mitochondria compared with WT (Fig. 9F ). This suggests that the rate of mitophagy is higher in POLG CPCs under baseline conditions. Interestingly, we also noted that the GFP-LC3-positive puncta were in general smaller in POLG CPCs than WT CPCs, but why this occurs is currently unknown.
Discussion
This study provides important new insights into the critical role of mitochondria in CPC survival and execution of the differentiation program. We demonstrate that acquiring mtDNA mutations causes a disruption in mitochondrial function, which leads to a decline in the replicative and regenerative capacities of the CPCs. Our data show that the mutant POLG CPCs rely solely on glycolysis for energy production and are unable to transition from glycolysis to mitochondrial respiration. Activation of the differentiation program leads to deactivation of glycolysis in both WT and POLG CPCs. However, because the mutant CPCs are unable to meet the increased energy demand, they undergo cell death instead. Thus, our findings demonstrate for the first time the importance of mtDNA integrity in CPC homeostasis and regenerative potential as well as the consequences of accumulating mtDNA mutations.
Aging is associated with accumulation of mtDNA damage in various tissues including the heart, and studies in mice have confirmed that mtDNA mutations are a contributor rather than a cause of the aging process. Mice with a mutant POLG exhibit multiple premature aging characteristics, including kyphosis, osteoporosis, hair loss, and anemia (25, 26) . These phenotypes arise gradually along with mtDNA mutations, confirming that the accumulation of mtDNA mutations directly contributes to the phenotype. Moreover, the mice develop these phenotypes at an age where heart function is still unaffected (25) , suggesting that post-mitotic tissues are less susceptible to mtDNA mutations than tissues with more rapid cellular turnover. Our study suggests that the susceptibility to mtDNA mutations also differs between cells within the same tissue. . Mutant CPCs have impaired mitochondrial respiration and reduced membrane potential. A, mitochondrial respiration was measured in WT and POLG CPCs using a Seahorse XF analyzer. Maximal oxygen consumption rate (OCR) was normalized to cell number (n ϭ 4). Cell seeding density: 10K ϭ 10,000; 20K ϭ 20,000. FCCP, carbonyl cyanide p-trifluoromethoxyphenylhydrazone. B, representative fluorescent images and quantitation of tetramethylrhodamine methyl ester (TMRM) fluorescence in WT and POLG CPCs (n ϭ 3). Scale bar ϭ 25 m. Units are arbitrary. C, analysis of cellular ATP content in WT and POLG CPCs (n ϭ 3). D, L-lactate present in growth medium was measured in WT and POLG CPCs (n ϭ 3). E, 2-deoxyglucose (10 nM) was added to the growth medium to inhibit glycolysis in WT and POLG CPCs. Cell death was assessed using YO-PRO-1 staining (n ϭ 3). **, p Ͻ 0.01; ***, p Ͻ 0.001 versus WT; n.s., not significant.
Adult cardiomyocytes are more protected against accumulation of mtDNA mutations than CPCs, and this protection might be due to their senescent phenotype compared with the proliferating CPCs.
In addition, the finding that cardiac structure and function are not affected by the presence of dysfunctional CPCs in 2-month-old POLG mice indicates that a functional pool of CPCs is not required to maintain cardiac homeostasis in young mice. This is consistent with the findings in mice with mutations in the gene-encoding c-kit (45) . The Kit mutant mice have normal cardiac function at 4 months of age, but at 12 months of age they display cardiac hypertrophy and significantly impaired LV function compared with WT mice, suggesting that functional CPCs are more important for cardiac homeostasis in the aging myocardium. Interestingly, this study also observed that the Kit mutant mice had reduced myocardial vascularization. Because some studies suggest that CPCs generate very few myocytes (4, 5), it is possible that the c-kitϩ CPCs are impor-tant for maintaining the vasculature in the aging myocardium rather than forming new myocytes.
Aging is coupled with an increase in senescence and apoptosis of CPCs, which gradually reduces the pool of functional CPCs within the myocardium (46) . Decreased CPC number and senescence of the remaining CPCs is associated with the development of cardiac dysfunction and failure with age (47) . Thus, our study suggests that accumulation of mtDNA mutations in CPCs with age contributes to their functional decline, and it is possible that the presence of dysfunctional POLG CPCs contributes to the more rapid aging cardiac phenotype in these mice compared with WT mice. After a myocardial infarction, endogenous CPCs migrate to the border zone where they participate in the repair process (33, 48) . Future studies need to determine whether POLG mice are more susceptible to stress due to the pool of non-functional CPCs.
Stem and progenitor cell populations also exhibit different susceptibility to mtDNA mutations. For instance, hematopoi- etic stem cells, and their downstream progeny in POLG mutator mice have similar levels of mtDNA mutations. However, the mtDNA mutations have little effect on the hematopoietic stem cells, whereas the progenitors have impaired differentiation (49) . It is speculated that this difference in susceptibility is due to the relative quiescent metabolism and reduced proliferative property of the hematopoietic stem cells. In addition, mtDNA mutations led to reduced self-renewal capacity of embryonic neuronal stem cells. These cells had a slight reduction in respiratory chain complexes I and IV but no differences in complexes II and III when compared with WT stem cells (50) . In contrast, we found a significant reduction in several mitochondrial respiratory complexes in adult POLG CPCs, which may be due to differences between embryonic versus adult cells. Although CPCs exist in niches in the heart where they are relatively quiescent, they still undergo proliferation to maintain the pool. Also, by isolating and expanding the CPCs in culture, we increase the frequency of mtDNA mutations and accelerate their aging phenotype.
Our data suggest that mutations in mtDNA-encoded subunits in the POLG CPCs affect assembly of the respiratory complexes. We noted a significant reduction in both nuclear and mitochondria-encoded Complex IV subunits in the POLG CPCs. It is well established that mutations in one subunit can affect the stability of the entire respiratory complex. Genetic alterations leading to destabilization of one complex can also lead to secondary loss of the other complexes (51) (52) (53) . Therefore, mutations in only one mtDNA-encoded subunit can have severe consequences for mitochondrial function and cell survival. We also found that mtDNA mutations affect mitochondrial dynamics. It has been reported that mitochondrial fusion is required for differentiation of embryonic stem cells into myocytes, and disruption of mitochondrial fusion proteins MFN1 and MFN2 in mouse embryonic stem cells impairs their differ- entiation into cardiac myocytes (54) . Our data also show that there is an increase in MFN1 and MFN2 proteins, whereas there is a corresponding decrease in DRP1 upon differentiation of WT CPCs, suggesting that the balance is shifted toward fusion in these cells. In contrast, the balance between fission and fusion is disrupted in POLG CPCs, and the mitochondria have adopted a fragmented morphology. Thus, accumulation of mtDNA mutations also impairs mitochondrial dynamics in the CPCs.
Differentiation of cells is associated with a large increase in energy demand (55) , and our data demonstrate that there is an increase in proteins involved in OXPHOS and a corresponding decrease in enzymes involved in cytosolic glycolysis in CPCs. The most surprising finding in our study is that the POLG CPCs rely solely on glycolysis for energy production instead of mitochondrial respiration. We observed no significant difference in cellular ATP levels between WT and mutant POLG CPCs, suggesting that the undifferentiated POLG CPCs do not rely on mitochondria for ATP production and can compensate for the defect in mitochondrial respiration via glycolysis. Another surprising finding is that the mutant POLG CPCs are unable to switch to mitochondrial respiration in response to differentiation but still turn off the glycolytic pathway. It is likely that the failure to activate mitochondrial respiration leads to activation of the cell death observed upon differentiation of the POLG CPCs. This is in contrast to iPS cells generated from POLG mice, which become hyperactive in glycolytic activity during differentiation to compensate for the defects in OXPHOS (56) . Overall, this suggests that acquiring mtDNA mutations have differential effects in the undifferentiated versus the differentiated CPC. CPCs do not require a lot of energy and can rely on glycolysis for self-renewal and proliferation. However, defective mtDNA will lead to a failure in making the metabolic switch to mitochondrial respiration during differentiation, and cell death will be activated instead.
Loss of mitochondrial membrane potential is a known activator of mitophagy (57, 58) . Our data show that POLG CPCs exhibit increased mitophagy at baseline compared with WT. This is not surprising considering the degree of mitochondrial dysfunction in the mutant CPCs. Although mitophagy appears to be increased in the mutant CPCs, it is not sufficient to replace the dysfunctional mitochondria in these cells. It is known that mitochondrial degradation is coupled to mitochondrial biogenesis (59), but the underlying mechanism of this cross-talk is still unclear and under intense investigation. Our data suggest that the mitochondrial biogenesis program is impaired in these cells. Thus, it is possible that the reduced mitochondrial biogenesis also affects the rate of mitochondrial turnover. An imbalance will lead to inefficient turnover of aberrant mitochondria. However, the relationship between mitochondrial degradation and synthesis in the POLG CPCs needs to be further investigated.
The transplantation of autologous CPCs and many other stem cells to treat heart failure show promise in clinical trials (9, 10, 60 -62) . However, the fitness of the donor cell is a crucial parameter in cell transplantation therapies regardless of the cell type used. Reduced function of the transplanted cells will lead to poor retention and impaired regenerative capacity. Data from our study demonstrate that as mtDNA mutations accumulate with age in CPCs, their therapeutic potential is reduced. Also, as the aging CPCs accumulate mtDNA mutations, they will be less likely to survive transplantation into the hostile environment of a diseased heart. However, the mechanistic basis for the age-related decline in CPC function is very complex and involves multiple changes at the molecular and cellular levels. Although our studies suggest that accumulation of mtDNA damage is an important contributor to the functional decline of CPCs, additional factors will also contribute to the aging phenotype. For instance, reduced levels of the nucleolar protein nucleostemin contribute to senescence in CPCs (12) , and defects in EphA2 signaling in aged CPCs impair their migration (13) . Increased knowledge of the molecular basis for CPC function can be used to select for the most optimal autologous CPCs to be transplanted back into a patient to ensure maximal myocardial regeneration and repair. Overall, additional identification and characterization of specific pathways that contribute to dysfunction of CPCs, as well as other stem cell populations, will have great impact on the field of regenerative medicine. 
